Introduction
Edwardsiella tarda is a gram-negative pathogen that causes hemorrhagic septicemia in fish, resulting in huge economic losses for aquaculture. Many studies of this pathogen have already been conducted, including its taxonomy, pathogenesis, and vaccine development. In our previous studies, the housekeeping enzymes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [1, 2] and fructose 1,6-bisphosphate aldolase (FBA) [3] in E. tarda have been shown to be secreted into the medium or localized on the surface of this pathogen, providing effective immunoprotection in the animal model of zebrafish. Many researchers have also reported that housekeeping enzymes like GAPDH and FBA perform more than one function [4] [5] [6] [7] [8] . Yet, how these enzymes are secreted and exert a non-glycolytic function have not been clearly elucidated. In our unpublished study, high-throughput screening with ELISA revealed that the GAPDH and FBA of certain transposon insertion mutants, including esrA, esrC, and mfs, can be secreted at a high concentration in an extracellular medium when compared with the wild type. Meanwhile, bacterial cultures with different culture conditions and growth stages secreted different amounts of these two housekeeping enzymes. Thus, understanding the relationship between the gene expression of GAPDH/FBA and their secretion under different conditions could provide important information about the secretion and virulence mechanism of these two proteins, and even the pathogenic mechanism of E. tarda.
The real-time quantitative PCR (RT-qPCR) has become an essential method for gene expression analysis. Yet, reliable data from an RT-qPCR relies on accurate normalization against an internal standard [9] . Therefore, the identification of reference genes that are least regulated under different conditions is important for the accuracy of an RT-qPCR analysis [10] . In addition, for high accuracy, the use of more than one reference gene in an RT-qPCR analysis is recommended [11, 12] . However, most reference genes are housekeeping genes, including our target genes, gapA and fbaA, which leads to difficulties in selecting stable reference genes. Therefore, the expression stabilities of nine candidate genes were evaluated in response to different culture conditions and growth phrases. Based on previous studies [13] [14] [15] [16] , seven extensively studied candidate reference genes (recA, rpoB, rho, topA, gyrA, rpoD, and 16S rRNA) were chosen, along with two additional genes of interest (uup, groEL), making a total of nine genes. The glycolytic enzyme genes gapA and fbaA were used as the target genes. The expression of the candidate reference genes in E. tarda was analyzed using different media, temperatures, and growth phases, as well as in cell line models. Different bacteria were also used to validate whether the reference genes remained stable between the wild type and mutants. The programs Bestkeeper [17] , GeNorm [12] , and NormFinder [18] were used to evaluate the stability of the candidate reference genes. Although the conclusions on how to choose suitable reference genes were made using different conditions to study the secretion and virulence mechanisms of GAPDH and FBA, the results have a general guiding significance when choosing endogenous controls for E. tarda or other bacteria.
Materials and Methods

Strains and Growth Conditions
The strains used in this study are listed in Table 1 . To evaluate the stability of the candidate reference genes, the strains were cultivated in different media, including Luria-Bertani (LB, used for inoculated culture), an LB medium supplemented with 2% NaCl (LB 20, used for culture before immersion challenge or vaccination [19] ), Tryptic Soy Broth (TSB, used for culture before injection challenge or vaccination [20] ), or Dulbecco's modified Eagle's medium (DMEM, used for extracellular protein extraction [21] ), and at different temperatures, including 37ºC (at which the strains showed excellent growth), 25ºC, or 30ºC (for virulence regulation analysis [22] ). The candidate genes were also analyzed under the condition of infection with cells, where the wild-type strain EIB202 was cultivated in the presence of Epithelioma Papulosum Cyprini (EPC) cells at 30ºC in DMEM. Cell infection is a good model for evaluating the virulence function of different strains and virulence-related proteins.
Primer Design
Nine genes (recA, uup, rpoB, rho, topA, gyrA, groEL, rpoD, and 16S rRNA) were selected as candidate reference genes. Their primers were designed using the Primer Express software (Applied Biosystems, USA) with a predicted product size of approximately 100 bp, based on the genome sequence of E. tarda EIB202 (chromosome: NC_013508.1/CP001135.1). The primer efficiencies were determined by constructing a standard curve using 4-fold serial dilutions of the cDNA template. The primer specificities were determined using melt curve analysis.
RNA Extraction, cDNA Synthesis, and Real-Time Quantitative PCR
The total RNA of the strains cultured under different conditions was extracted using an RNA extraction kit (Tiangen, China). The RNA extraction was conducted in three independent biological replicates. Next, 1 µg RNA was reverse transcribed into cDNA using a PrimeScript RT reagent Kit (TaKaRa, China). The RT-qPCR was carried out by following the manufacturer's instructions for a SYBR green real-time PCR mix (ToYoBo, Japan) using an ABI 7500 Real-time Detection System (Applied Biosystems, USA). All the samples were analyzed by RT-qPCR in triplicates for technical replication.
Data Analysis
The raw Ct value obtained from the Real-time Detection System (Applied Biosystems) was made into charts to analyze the expression patterns of the candidate reference genes according to the different culture conditions and culture times. The stabilities of the nine candidate genes were then evaluated using the programs BestKeeper, GeNorm, and NormFinder, which are extensively used as analysis tools for selecting stable reference genes. BestKeeper evaluates the stability of reference candidate genes by calculating the standard deviation (SD) and coefficient of variation (CV) of raw Ct value data [17] . GeNorm and NormFinder use relative quantities derived from Ct values. GeNorm evaluates the stability by calculating the average expression stability value (value of M) [12] . The lower the value of M, the more stable the gene. Meanwhile, the NormFinder algorithm is rooted in a mathematical model of the gene expression and uses a solid statistical framework to estimate not only the overall expression variation of the candidate reference gene, but also the variation between sample subgroups of the sample set [18] . Similarly, the lower the stability value, the more stable the gene.
Results
Primer Amplification Efficiency and Specificity
The PCR efficiency of each candidate reference gene was determined using a 4-fold serial dilution of the extracted cDNA. The calculated efficiencies of the candidate genes, shown in Table 2 , were between 93.7% and 106.3%. The efficiency curves for the candidate reference genes were found to have linear correlation coefficients (R 2 ), ranging from 0.995 to 0.999. The melt curve analysis demonstrated a single homogenous peak for all the primers (Fig. 1A) . The gel electrophoresis analysis of the amplified products showed single bands of the expected sizes (Fig. 1B) . Although this study originally included the gene proC (encrypting pyrroline-5-carboxylate reductase) as a candidate reference gene, its very low abundance meant it was excluded from further analysis.
Gene Expression Profiles
The nine candidate reference genes showed Ct values ranging from approximately 15 to 30 under the different culture conditions. Among these genes, 16S rRNA had the highest abundance of mRNA in all the strains. Even though the cDNA of 16S rRNA was diluted 4,000 times more than the others, it still showed the lowest Ct value of approximately 15. At the different culture growth phases of each strain ( Fig. 2A-i ), 16S rRNA manifested a different expression profile from the other genes. 16S rRNA was also more stable when increasing the culture time, while the other eight genes showed increasing Ct values in the same strain. Notwithstanding, with the same culture time ( Fig. 2A-ii) , all the candidate genes in the different strains showed a similar expression pattern. For the other culture conditions, including different culture media (Fig. 2B ), different temperatures (Fig. 2C) , and infection with cells or not (Fig. 2D ), 16S rRNA also showed more stable expression when increasing the culture time. Thus, in the subsequent analyses, the stability of the candidate genes at the different culture growth phases was only evaluated using BestKeeper, which was more accurate than NormFinder and GeNorm as the significant difference in the expression of the genes was not caused by systematic error, but rather by the inherent expression pattern. However, at the same culture time, the nine genes under the different conditions were analyzed using all three methods.
Evaluating the Stability of Candidate Reference Genes
Three statistical methods (BestKeeper, GeNorm, and NormFinder) were used to evaluate the stability of the nine candidate reference genes. For the different culture growth phases, only BestKeeper was used owing to the different expression patterns between 16S rRNA and the other genes. The results in Table 3 show that 16S rRNA was more stable than the other genes when increasing the culture (ii) Reference candidate genes analyzed at the same culture time. This experiment was conducted using three independent biological replicates and two technical replicates. For conciseness, the standard deviation (SD) value is not shown in the figure. After calculation, the maximum SD value was 0.694, minimum SD value was 0.054, and average SD value was 0.241. time, which was consistent with our speculation. Meanwhile, at the same culture time, the nine genes under different conditions were analyzed using BestKeeper (Table S1) , GeNorm (Table S2) , and NormFinder (Table S3 ). The summary results (Table 4 ) include the two most stable genes according to the three statistical methods. Under the condition of different strains, the two most stable genes according to BestKeeper, GeNorm, and NormFinder were 16S rRNA and topA, topA and gyrA, and gyrA and topA, respectively. Under the condition of different media (DMEM excluded), the two most stable genes according to BestKeeper, GeNorm, and NormFinder were 16S rRNA and topA, topA and recA, and recA and topA, respectively. Under the condition of different temperatures, the two most stable genes according to BestKeeper, GeNorm, and NormFinder were 16S rRNA and gyrA, recA and topA, and gyrA and rho, respectively. Under the condition of infection, the two most stable genes according to BestKeeper, GeNorm, and NormFinder were recA and topA, topA and recA, and rpoD and topA, respectively. In conclusion, at the same culture time, topA was most recommended as a reference gene under the condition of different strains, different culture media, and with/without infection whereas under the condition of different temperatures, gene gyrA was recommended.
Example of Selecting Suitable Reference Genes for Different Culture Growth Phases
Selecting a suitable reference gene for a RT-qPCR analysis is important. Here, an example is presented to show that 16S rRNA is indeed a more suitable reference gene in an RT-qPCR analysis of different culture growth phases. In this study on the secretion mechanism of FBA and GAPDH, the results (Fig. 3) showed that FBA and GAPDH in the wild-type strain E. tarda EIB202 were increasingly secreted during the early phase (6-12 h), while the level of their extracellular matrix became more stable in the late phase (12-22 h). One question was whether the expression of FBA or GAPDH in this strain contributed to the increasing secretion level. As mentioned above, GeNorm and NormFinder were not used to evaluate the nine genes at the different culture growth phases of the same strains, as the expression pattern of 16S rRNA was very different from that of the other genes. However, BestKeeper showed that 16S rRNA had a significant advantage over the other genes under this condition. Notwithstanding, when using GeNorm and NormFinder to evaluate the nine genes, the results (Table S4 ) from the two methods were consistent, and at the different culture growth phases of the same strain, recA and uup were identified as the two most stable genes. Furthermore, an RT-qPCR analysis using the reference genes 16S rRNA, recA, and uup was conducted, and it was found (Fig. 4 ) that the expression of FBA and GAPDH in E. tarda EIB202 and its mutants by the reference gene 16S rRNA remained essentially consistent and regular. Moreover, the expression of FBA and GAPDH in the strains, except for the mfs mutant, gradually decreased during the culture period (8-22 h), which was opposite to the protein secretion profile of FBA and GAPDH. Meanwhile, the expression profiles of FBA and GAPDH in the different strains with the reference genes recA and uup were disorderly and unsystematic. As shown in Fig. 4C where recA is used as the reference gene, the expression of fbaA increased in strain EIB202 and the esrA mutant during the early phase (8-12 h ), yet decreased in strains ΔP, ΔesrC, and the mfs mutant. The expression of gapA showed a similar phenomenon. However, the expression of gapA at 22 h was significantly elevated in strains EIB202, ΔP, ΔesrC, and the mfs mutant when compared with that in the early phase, showing a completely different expression pattern from that of fbaA. As gapA and fbaA are both housekeeping genes, their expression should not vary dramatically in a stable culture environment. However, the similar irregular expression of gapA and fbaA is also shown in Fig. 4B where uup is used as the reference gene. Thus, clearly, at different culture growth phases in the same strain, 16S rRNA was a more suitable reference gene than recA and uup. In this study, the different culture growth phases led to a different expression pattern between 16S rRNA and the other genes. Thus, GeNorm and NormFinder were unsuitable for evaluating the stability of the genes that had different expression patterns, whereas BestKeeper did not have this limitation. Therefore, selecting a stable and suitable reference Fig. 3 . Secretion profile of fructose 1,6-bisphosphate aldolase (FBA) and GAPDH in Edwardsiella tarda EIB202.
The wild-type strain EIB202 was cultivated in DMEM without shaking. Following centrifugation, the supernatant was used for the extracellular protein extraction by ultrafiltration after 6, 8, 10, 12, 14, 16, and 22 h of culture. The samples were then analyzed by western blot assay using antibodies against FBA and GAPDH. gene can help to obtain reliable and accurate data in an RT-qPCR analysis.
Discussion
This study aimed to identify suitable and stable reference genes under different culture conditions for an RT-qPCR analysis in E. tarda. The conditions considered, affecting the secretion and virulence mechanisms of FBA and GAPDH, included the strains, culture media, temperatures, and infection with mammalian cells. In addition to these conditions, FBA and GAPDH are both housekeeping enzymes, making the selection of reference genes a rigorous job. Three well-studied programs (BestKeeper, GeNorm, NormFinder) were used to evaluate the stability of the candidate reference genes. As there is no consensus on which is the best method among these three programs, all three algorithms were used to identify the most suitable and stable reference genes [24] . When compared with GeNorm and NormFinder, the one advantage of the BestKeeper data analysis is that is takes account of the amplification efficiency of the genes. In this study, NormFinder also provided a more accurate analysis by treating the different culture growth phases under different conditions as subgroups (Tables S3 and S4) .
Notwithstanding, only BestKeeper was used to evaluate the stabilities of the nine genes at the different culture growth phases under all the different conditions. The Ct values were found to fluctuate significantly at the different culture growth phases, and since this fluctuation was not caused by an inaccurate determination of the sample RNA concentrations, the significant variation in the Ct values for the genes, except for 16S rRNA, at the different culture growth phases was attributed to an inherent expression pattern rather than a systematic error. For the same reason, under the condition of different culture media, DMEM was excluded from the analysis at the same culture time (Table S1 , S2, and S3). Clearly, the most stable gene at the different culture growth phases was 16S rRNA. Meanwhile, at the same culture time, topA was identified as the best reference gene under the condition of different strains, different culture media, and infection, whereas gyrA was preferred under the condition of different temperatures. Moreover, it is suggested that in any RT-qPCR experiment, 16S rRNA should also be included in the reference gene group owing to its high stability under different conditions. Moreover, the use of more than one reference gene can produce more accurate results. However, a disadvantage is the high abundance of 16S rRNA in bacteria. Furthermore, in the RT-qPCR analysis, the templates used for 16S rRNA needed to be diluted more times than the same samples used for the other genes, which can introduce artificial errors from the different dilution ratios. Thus, in experiments, at least three independent biological replicates and two technical replicates are necessary.
Selecting a stable and suitable reference gene for an RTqPCR analysis is very important, as an unsuitable reference gene can lead to inaccurate results. Therefore, this study provides some insight for selecting appropriate reference genes for an RT-qPCR analysis in the aquatic pathogen E. tarda and other bacteria.
